The clay mineralogy of pyroclastic Nb(Ta)-Zr(Hf)-REE-Ga mineralization in Late Permian coal-bearing strata from eastern Yunnan Province; southwest China was investigated in this study. Samples from XW and LK drill holes in this area were analyzed using XRD (X-ray diffraction) and SEM (scanning electronic microscope). Results show that clay minerals in the Nb-Zr-REE-Ga mineralized samples are composed of mixed layer illite/smectite (I/S); kaolinite and berthierine. I/S is the major component among the clay assemblages. The source volcanic ashes controlled the modes of occurrence of the clay minerals. Volcanic ash-originated kaolinite and berthierine occur as vermicular and angular particles, respectively. I/S is confined to the matrix and is derived from illitization of smectite which was derived from the original volcanic ashes. Other types of clay minerals including I/S and berthierine precipitated from hydrothermal solutions were found within plant cells; and coexisting with angular berthierine and vermicular kaolinite. Inferred from the fact that most of the I/S is R1 ordered with one case of the R3 I/S; the paleo-diagenetic temperature could be up to 180˝C but mostly 100-160˝C. The micro-crystalline quartz grains (<10 µm) closely associated with I/S were observed under SEM and were most likely the product of desiliconization during illitization of smectite.
Introduction
Polymetallic Nb(Ta)-Zr(Hf)-REE-Ga mineralization within Late Permian coal-bearing strata of eastern Yunnan Province, southwest China was reported by Dai, et al. [1] . The Nb(Ta)-Zr(Hf)-REE-Ga mineralization has anomalous response on natural gamma log curves and is widespread at the base of the Wuchiapingian of Late Permian age (i.e., terrestrial Xuanwei and terrestrial-marine transitional Longtan Formations) in southwest China [1] [2] [3] . The mineralization is believed to be derived from alkali volcanic ashes and occurs as thick beds (up to 10 m but mostly 2-5 m) interbedded in the sedimentary rocks of terrigenous origin [1] . In most cases, the Nb-Zr-REE-Ga mineralized horizon has been argillized, but tuffaceous textures, volcanic breccia, and hematitization can be observed as
Geological Setting
The~260 Ma Emeishan Large Igneous Province (ELIP) in SW China is considered to be the result of mantle plume activity and mainly comprises massive flood basalts and contemporary felsic, mafic and ultramafic intrusions [10] [11] [12] [13] [14] [15] . Basalts as the predominant component of ELIP could be divided into two groups: high-Ti (Ti/Y > 500) and low-Ti (Ti/Y < 500) basalts [13] . Three ELIP zones including inner, intermediate, and outer zones were recognized ( Figure 1A ) based on the extent of erosion of the pre-ELIP eruption Maokou Formation (with limestone-dominated compositions) of Middle Permian age in SW China [11] .
Within the inner zone of the ELIP is the Kangdian Oldland comprising a sequence of Emeishan basalts, which existed until the Middle Triassic [11] . In the eastern ELIP, the Emeishan basalts unconformably overlie the Maokou Formation of Middle Permian age while the ELIP basalts are, in turn, overlain by the Late Permian Xuanwei and Longtan formations ( Figure 1B ) [11] . During the Late Permian, the ELIP and associated volcanism and hydrothermal activity controlled the development of coal-bearing strata in SW China, not only in serving the source for the peat-accumulation process, but also the distribution of peat-mire sites (i.e., peat-mires located in the middle and outer zones of ELIP) [2] .
The Nb(Ta)-Zr(Hf)-REE-Ga polymetallic mineralization is found in the intermediate ELIP zone and is located in the lowest Xuanwei Formation in eastern Yunnan Province (Figures 1 and 2 ) [1] . The Xuanwei Formation is a continental formation containing the major coal-bearing strata of Late Permian age in eastern Yunnan Province, southwest China [1, [16] [17] [18] [19] and is mainly derived from erosion of the Kangdian Oldland in the central ELIP [2, 15, [20] [21] [22] . turn, overlain by the Late Permian Xuanwei and Longtan formations ( Figure 1B ) [11] . During the Late Permian, the ELIP and associated volcanism and hydrothermal activity controlled the development of coal-bearing strata in SW China, not only in serving the source for the peat-accumulation process, but also the distribution of peat-mire sites (i.e., peat-mires located in the middle and outer zones of ELIP) [2] . The Nb(Ta)-Zr(Hf)-REE-Ga polymetallic mineralization is found in the intermediate ELIP zone and is located in the lowest Xuanwei Formation in eastern Yunnan Province (Figures 1 and 2 ) [1] . The Xuanwei Formation is a continental formation containing the major coal-bearing strata of Late Permian age in eastern Yunnan Province, southwest China [1, [16] [17] [18] [19] and is mainly derived from erosion of the Kangdian Oldland in the central ELIP [2, 15, [20] [21] [22] . 
Samples and Analytical Procedures
A total of 39 samples, corresponding to the high anomalies on natural gamma log curves, were collected from Nos. XW and LK drill holes in eastern Yunnan Province, SW China. These samples were identified as X-1 to X-17, and L-1 to L-22 from top to bottom, respectively ( Figure 2 ). The samples are mainly mudstone, and in a few cases sandstones. Calcite veins, pyrite grains, hematite, and plant fragments are commonly observed in hand-specimens.
Polished thin-sections and polished block samples were prepared from selected samples for optical and scanning electron microscopic observations. All samples were then crushed and milled to pass 200-mesh for bulk X-ray diffraction (XRD) analysis (Rigaku, Tokyo, Japan). Bulk-XRD analysis was performed using a Rigaku D/max 2500 pc powder diffractometer equipped with Ni-filtered Cu-Kα radiation and scintillation detector in China University of Mining and Technology (Beijing). Each XRD pattern was recorded over a 2θ interval of 2.6°-70°, with a step size of 0.02°. Quantitative analysis for each mineral phase was carried out by a commercial XRD interpretation software Siroquant™ (Sietronics Pty Ltd., Belconnen, ACT, Australia). 
Polished thin-sections and polished block samples were prepared from selected samples for optical and scanning electron microscopic observations. All samples were then crushed and milled to pass 200-mesh for bulk X-ray diffraction (XRD) analysis (Rigaku, Tokyo, Japan). Bulk-XRD analysis was performed using a Rigaku D/max 2500 pc powder diffractometer equipped with Ni-filtered Cu-Kα radiation and scintillation detector in China University of Mining and Technology (Beijing). Each XRD pattern was recorded over a 2θ interval of 2.6˝-70˝, with a step size of 0.02˝. Quantitative analysis for each mineral phase was carried out by a commercial XRD interpretation software Siroquant™ (Sietronics Pty Ltd., Belconnen, ACT, Australia). Modes of occurrence of minerals were investigated using a FEI Quanta™ 650 FEG scanning electron microscope (SEM, EDAX Inc., Mahwah, NJ, USA) in China University of Mining and Technology (Beijing), China and a Hitachi S3400-X/I SEM (Hitachi, Tokyo, Japan) at the University of New South Wales, Australia. The selected polished thin-sections and sample blocks were carbon-coated before SEM observation. The Quanta SEM worked with a beam voltage of 20.0 kV, working distance ~10 mm, and a spot-size of 5.5 while, for the Hitachi-S3400 X/I, the accelerating voltage was 20 kV, and the beam current was 40-60 mA during SEM operation.
Sample powders were mixed with water and then settled for approximately 2 h for acquiring clay-bearing suspensions. Suspended clay particles were concentrated through centrifuging (8 min at 2500 rpm). The concentrated clay fractions were placed evenly on glass slides. Three XRD runs were performed on each slide after air-drying, exposure to ethylene-glycol vapor (more than 24 h) and heating to 400 °C for 1 h using a PANalytical Empyrean II XRD (Co-Kα; PANalytical Ltd., Almelo, The Netherlands) at the University of New South Wales, Australia, with tube voltage of 45 kV and current of 40 mA.
Results

Mineral Phases and Clay Species in the Studied Sample
Mineralogical compositions based on powder XRD and Siroquant analyses in the studied samples are given in Table 1 . Mineral phases in this study include clay minerals, quartz, anatase, calcite, siderite, hematite, albite, and florencite (Table 1; Figure 3 ). Pyrite occurring either as discrete grains or as veinlets was commonly observed but its content was generally below the detection limit of XRD or Siroquant techniques. Modes of occurrence of minerals were investigated using a FEI Quanta™ 650 FEG scanning electron microscope (SEM, EDAX Inc., Mahwah, NJ, USA) in China University of Mining and Technology (Beijing), China and a Hitachi S3400-X/I SEM (Hitachi, Tokyo, Japan) at the University of New South Wales, Australia. The selected polished thin-sections and sample blocks were carbon-coated before SEM observation. The Quanta SEM worked with a beam voltage of 20.0 kV, working distancẽ 10 mm, and a spot-size of 5.5 while, for the Hitachi-S3400 X/I, the accelerating voltage was 20 kV, and the beam current was 40-60 mA during SEM operation.
Sample powders were mixed with water and then settled for approximately 2 h for acquiring clay-bearing suspensions. Suspended clay particles were concentrated through centrifuging (8 min at 2500 rpm). The concentrated clay fractions were placed evenly on glass slides. Three XRD runs were performed on each slide after air-drying, exposure to ethylene-glycol vapor (more than 24 h) and heating to 400˝C for 1 h using a PANalytical Empyrean II XRD (Co-Kα; PANalytical Ltd., Almelo, The Netherlands) at the University of New South Wales, Australia, with tube voltage of 45 kV and current of 40 mA.
Results
Mineral Phases and Clay Species in the Studied Sample
Mineralogical compositions based on powder XRD and Siroquant analyses in the studied samples are given in Table 1 . Mineral phases in this study include clay minerals, quartz, anatase, calcite, siderite, hematite, albite, and florencite (Table 1; Figure 3 ). Pyrite occurring either as discrete grains or as veinlets was commonly observed but its content was generally below the detection limit of XRD or Siroquant techniques. The clay species were further identified by the analyses of the three XRD runs on air-dried, Ethylene Glycol (EG)-solvation and heated specimens. Clay minerals identified in the studied samples comprise mixed layer illite/smectite (I/S), kaolinite, and berthierine ( Figures 3 and 4) . I/S has been recognized by comparing the bulk-XRD pattern (and the air-dried patterns) to XRD patterns of the ethylene-glycol treated and heated specimens. The characteristic broad peaks of mixed layer I/S are located at 11 Å˘in the bulk and air-dried oriented patterns, split into two peaks at 12 and 9 Åȃ fter EG solvation, and move towards 10 Å for the heated sample ( Figures 3 and 4 ) [23] . Kaolinite is distinguished by the 7.2 and 3.58 Å peaks in the bulk and air-dried patterns which do not change in the patterns for the EG specimen while in the heated specimen, these peaks reduce or disappear [23] . Berthierine, which has a similar structure to kaolinite and similar chemical composition to chlorite, is distinguished by a lack of 14 Å reflections and a 7 Å basal spacing in the XRD patterns [24] [25] [26] . In the XRD pattern, the d(001) intensity of berthierine is slightly lower than that of kaolinite ( Figure 4) . Kaolinite may mask berthierine in the bulk XRD patterns owing to the proximate (001) and (002) reflections of these two minerals; however, they can be identified from each other in the air-dried oriented pattern (Figure 4 ). The d(001) reflection of berthierine will considerably reduce after being heated ( Figure 4 ) [27] .
I/S in all the studied samples was identified as ordered according to the position of split peaks, as well as the presence of the basal peak at 27 Å in the EG-solvation specimens [23] . The percentages of smectite layers of I/S i.e., S (%) in the studied samples were estimated based on the d-spacing values of I/S in EG-XRD patterns, as listed in Table 1 . Apparently, S (%) in samples from XW drill hole (25%-35%) is higher than those from LK drill hole (15%-20%). I/S in most of the samples are identified as R1 ordered with only one R3 I/S in L-22 (Table 1 ; R: Reichweite parameters; [28] ).
composition to chlorite, is distinguished by a lack of 14 Å reflections and a 7 Å basal spacing in the XRD patterns [24] [25] [26] . In the XRD pattern, the d(001) intensity of berthierine is slightly lower than that of kaolinite (Figure 4) . Kaolinite may mask berthierine in the bulk XRD patterns owing to the proximate (001) and (002) 
Modes of Occurrence of Clay Minerals
Clay minerals in this study show various modes of occurrence. Mixed layer illite/smectite mainly occurs as groundmass for other minerals (not only non-clay minerals, but also kaolinite and berthierine; Figure 5 ). In some cases, I/S has a needle-/lath-like shape ( Figure 6A ) and is also found in plant cells ( Figure 6B ) probably indicating an authigenic origin.
Berthierine in this study shows pale red-yellowish discrete particles within I/S matrix under the microscope ( Figure 5A ). The berthierine particles are usually sharp-cornered and elongated in shape and vary in length from 50 µm to more than 300 µm ( Figures 5A and 6C,D) . Under SEM, berthierine not only occurs as angular particles ( Figure 6C,D) , but also colloidal infillings in plant cells coexisting with I/S or quartz ( Figure 6B,E) . In a few cases, berthierine precipitated along the cracks of vermicular kaolinite ( Figure 6F ). In Figure 6C ,D, berthierine grains were eroded with I/S filling within the cavities or surrounding the remnant berthierine particles.
Vermicular kaolinite is commonly found under both the microscope and SEM. Vermicular kaolinite shows yellowish color under the cross-polarized light under SEM, and in some cases, kaolinite was altered to colloidal berthierine along the margins of kaolinite crystal ( Figures 5B and 6F ). Berthierine in this study shows pale red-yellowish discrete particles within I/S matrix under the microscope ( Figure 5A ). The berthierine particles are usually sharp-cornered and elongated in shape and vary in length from 50 µm to more than 300 µm ( Figures 5A and 6C,D) . Under SEM, berthierine not only occurs as angular particles ( Figure 6C,D) , but also colloidal infillings in plant cells coexisting with I/S or quartz ( Figure 6B,E) . In a few cases, berthierine precipitated along the cracks of vermicular kaolinite ( Figure 6F ). In Figure 6C ,D, berthierine grains were eroded with I/S filling within the cavities or surrounding the remnant berthierine particles.
Vermicular kaolinite is commonly found under both the microscope and SEM. Vermicular kaolinite shows yellowish color under the cross-polarized light under SEM, and in some cases, kaolinite was altered to colloidal berthierine along the margins of kaolinite crystal ( Figures 5B  and 6F ). 
Abundances of Clay Minerals
Clay minerals are dominant in almost all the studied samples (total clay: 65.7%-93.5%, mean 80.9% in XW#; 39.2%-93.9%, mean 75.6% in LK#; Table 1 ), followed by quartz (XW#: 5.2%-32.3% and LK#: 0.4%-52.2%; Table 1 ) and anatase. Calcite is commonly found under both micro-and macro-observations and in a few cases, the content of calcite is up to 12.3% (XW-16; Table 1 ). Siderite, albite, and hematite are only rarely found in LK drill holes. Trace REE-bearing phosphate 
Clay minerals are dominant in almost all the studied samples (total clay: 65.7%-93.5%, mean 80.9% in XW#; 39.2%-93.9%, mean 75.6% in LK#; Table 1), followed by quartz (XW#: 5.2%-32.3% and LK#: 0.4%-52.2%; Table 1 ) and anatase. Calcite is commonly found under both micro-and macro-observations and in a few cases, the content of calcite is up to 12.3% (XW-16; Table 1 ). Siderite, albite, and hematite are only rarely found in LK drill holes. Trace REE-bearing phosphate florencite was also discovered in some samples from LK drill holes.
Regarding the clay minerals, I/S is more abundant than kaolinite and berthierine, for example the content of I/S in XW drill holes ranges from 15.2% to 78.4%, averaging 50.6% while in LK drill holes, this value is from 20.6% to 74%, with an average of 54% (Table 1 ). In general, samples from XW drill hole contain more kaolinite (1.2%-57.7%; Table 1 ) than those from LK drill hole (bdl-17.3%; bdl: below detection limit; Table 1 ). In contrast, berthierine seems more abundant in LK drill hole (0.4%-51.9%; Table 1 ) than in XW drill hole (bdl-22.9%; Table 1 ).
Discussions
Volcanic Ash Control on Modes of Occurrence of Clay Assemblages
Based on the petrologic, mineralogical, geochemical, and geophysical studies by Dai, et al. [1] , the Nb-Zr-REE-Ga-mineralized horizons represent argillized tuffs originated from alkaline volcanic ashes. This is mainly because we have found typical tuffaceous instead of sedimentary textures, and shard-like and euhedral magmatic high-temperature minerals within the Nb-Zr-REE-Ga-mineralized samples under both the microscope and SEM [1, 2] . These high-temperature magmatic mineral phases (such as beta-quartz, euhedral apatite, and zircon etc.) with high-T cracks, embayments, and sharp-edged outlines were not hydraulically sorted debris which usually have rounded morphologies. It is believed that the Nb-Zr-REE-Ga-mineralized samples and the contained elevated rare metals were derived from alkaline volcanic ash [1] . Natural gamma log data from more than 300 drill holes have shown that the Nb-Zr-REE-Ga-mineralized beds with high positive natural gamma anomalies have a continuous lateral extent across the lowest Upper Permian strata of SW China [1, 2] . The widespread Nb-Zr-REE-Ga-mineralized beds with a uniform geochemistry and mineralogy are also indicative of a volcanic tuff deposition [1, 2] . In some cases, the abrupt contact between the Nb-Zr-REE-Ga-mineralized rocks and the wall rocks may also be caused by the volcanic-ash origin of the former [1] . These Nb-Zr-REE-Ga-mineralized beds in the lowest Upper Permian strata, have a temporal link to thẽ 260 Ma Emeishan large igneous province and are the results of waning activity of Emeishan mantle plume [2, 29] . The glass-rich volcanic ashes would be an ideal precursor for the clay minerals [30] . In this study, the volcanic origin of the studied samples is also reflected by the modes of occurrence of the clay minerals.
Berthierine is one of the dominant minerals in the Nb(Ta)-Zr(Hf)-REE-Ga ore deposit [1] and has been found within Paleogene and Late Triassic coals of Japan [31] ; however, in the Late Permian coals from southwest China, berthierine is not widely reported while an Fe-rich chlorite (i.e., chamosite which is characterized by the 14 Å on XRD pattern; cf. Dai and Chou [32] ) is commonly found [32] [33] [34] [35] . Berthierine in this study is mainly found occurring as individual angular particles although a small proportion of authigenetic colloidal berthierine can be observed as well. Such berthierine with various irregular shapes (cf. Figures 5 and 6 ) rather than the rounded shape or lumps following the bedding planes indicates that it had not been sorted by weathering and transportation process but is most likely to be transformed from the volcanic glass shards transported by air [36] . Under a microscope, shard-like berthierine occurring discretely within the matrix is also similar to the texture of a volcanic tuff ( Figure 5A ).
Kaolinite is a common mineral phase in coals and the intra-seam parting tonstein, generally a dominant clay species within clay assemblages in coal, probably due to its stability in low-pH peat mire which contains humic acid released from organic matter at early stage of coal-forming process [16, 30, 37] . Deconinck et al. [38] generated that kaolinite may be derived either from volcanic ashes or from detrital materials. Additionally, Ward [39] suggested that authigenic kaolinite occurring in pores and cavities in coal may be precipitated from solutions. The well-crystallized vermicular texture of kaolinite crystal is believed as volcanic ash-altered product in oxygen-depleted conditions and would occur in the volcanic horizons within coal-forming peat mires [30, 34, 40, 41] or marine environments [38] . In this study, the microscopic and SEM observations revealed the presence of widespread vermicular aggregates of kaolinite is widespread (Figures 5B and 6F ), indicating these kaolinite crystals were of authigenic origin and formed in situ through alteration of volcanic glass [38] .
I/S is also a common mineral in coal [39] and in general, I/S is not the dominant minerals [42] . In fact, the clay fractions in this study, especially kaolinite and I/S have been described within volcanic-ash originated depositions of coal-bearing strata [30] . I/S has been reported in most Mesozoic bentonites [30] , the lower Cretaceous bentonites, British Columbia [43] [44] [45] , Oxfordian bentonites from the Subalpine Basin, Turonian bentonites of France [46] , and Ordovician Kinnekulle K-bentonites, France [47] . Furthermore, I/S-enriched Late Permian coals were reported in the Changxing Mine, eastern Yunnan, southwest China (closely located to the drill holes present in this study) [42] . Volcanic ashes falling into the peat mire would transform to smectite; I/S was probably derived from illitisation of volcanic ashes originated smectite during burial diagenesis [30] . Based on the occurrence that I/S coexists with berthierine within the outline of volcanic glass ( Figure 6D ), it is inferred that both I/S and berthierine were derived from alteration of volcanic glass.
In addition to the volcanic ashes, hydrothermal fluids may have also participated in the formation of clay minerals. The minerals in the plant cells ( Figure 6B,E) , along with the rare metal-bearing minerals (including hydrothermal REE-bearing phosphate and carbonate, and Nb-bearing anatase etc.) occurring within pores and cavities of clay minerals [2] indicate that these minerals are authigenic origin derived from re-deposition of free-ions leached from volcanic ashes by hydrothermal fluids [2] . Clay minerals may have grown from hydrothermal solutions enriched in Si, Al, Fe, K, etc. by dissolution of volcanic ashes (including volcanic minerals and glasses).
Implications for Paleo-Diagenetic Temperature
The clay minerals in this study, particularly I/S, are sensitive to thermal conditions, thus their characteristics can be used to estimate the paleo-diagenetic temperatures during the burial process [31, 38, [48] [49] [50] . Factors affecting formation of ordered I/S include temperature, fluid chemistry, time, source material composition, and permeability of the host rock [48, 51, 52] . In the present study, the latter three factors are unlikely to be the main controls on the ordering of I/S because most of the studied samples are mudstones derived from the same phase of alkaline volcanism with same magma source in the earliest Late Permian [1, 2] . Temperature and fluid chemistry thus should be the dominant factors that would have influenced the formation of I/S in this study. Many studies have focused on the diagenetic temperature during the burial process, using the evolution of smectite illitization (especially the percentages of smectite layers within I/S) [48, 50, [53] [54] [55] . In the XRD patterns for the EG-saturated clay fractions, as smectite layers decrease in I/S, the peaks at 9 Å, as well as peaks at 5 Å, become sharp and narrow showing a trend towards illite and indicating a progressive increment in temperature (Figure 7) . It has been suggested that the temperature that reflects the appearance of R1 I/S during the smectite illitization process is generally around 100˝C while the transition temperature from R1 to R3 I/S can be up to ca. 180˝C [48, 50, [53] [54] [55] . In this study, most of the studied samples have the R1 ordered I/S, except for only one sample that has the R3 ordered I/S (Table 1) indicating that the paleo-diagenetic temperature for the studied samples could have been up to 180˝C but for most of the samples, this value ranges from 100 to 180˝C.
Considering the influence of fluids, it is interesting to note that in the samples from XW drill hole, especially in the lower bed (X-11 to X-16), the contents of kaolinite and berthierine tend to decrease from X-10 to (X-11 to X-16), and then increase in X-17 (Table 1 ). In addition to the sharp decrease of contents of kaolinite and berthierine, the ordering of their structure also starts to become poor (reflected by the broad peaks at 7 and 3.5 Å), along with an increase in the contents and ordering of I/S in X-11 to X-16 (Table 1; Figures 3, 4 and 7) . The changes in contents and crystal ordering may reflect the re-forming of clay minerals under conditions that allow for the poorly-ordered kaolinite and berthierine to form [51] . While in the presence of K released from volcanic ashes, the conversion of well-ordered kaolinite to disordered kaolinite and I/S would have happened under hydrothermal conditions [51] . The colloidal/infilling minerals which were precipitated from hydrothermal fluids revealed in part 4 and a previous study [2] suggest that hydrothermal fluids influenced the studied samples during diagenesis. Accordingly, a reaction mechanism that the kaolinite, as well as berthierine (which has a similar structure to kaolinite [26] ) had transformed into I/S under hydrothermal conditions is possible. Such a transformation was estimated to have occurred in a thermal metamorphism environment at a temperature around 225-250˝C [51] ; however, as for this study, if the temperature had reached 225˝C, the corresponding I/S in these samples should be R3 ordered. In contrast, as revealed in Table 1 , I/S in these samples R1 is still ordered with a slight decrease of 5% smectite layers within I/S. Therefore, such a high temperature seems improbable for the present study.
The clay minerals in this study, particularly I/S, are sensitive to thermal conditions, thus their characteristics can be used to estimate the paleo-diagenetic temperatures during the burial process [31, 38, [48] [49] [50] . Factors affecting formation of ordered I/S include temperature, fluid chemistry, time, source material composition, and permeability of the host rock [48, 51, 52] . In the present study, the latter three factors are unlikely to be the main controls on the ordering of I/S because most of the studied samples are mudstones derived from the same phase of alkaline volcanism with same magma source in the earliest Late Permian [1, 2] . Temperature and fluid chemistry thus should be the dominant factors that would have influenced the formation of I/S in this study. Many studies have focused on the diagenetic temperature during the burial process, using the evolution of smectite illitization (especially the percentages of smectite layers within I/S) [48, 50, [53] [54] [55] . In the XRD patterns for the EG-saturated clay fractions, as smectite layers decrease in I/S, the peaks at 9 Å, as well as peaks at 5 Å, become sharp and narrow showing a trend towards illite and indicating a progressive increment in temperature (Figure 7) . It has been suggested that the temperature that reflects the appearance of R1 I/S during the smectite illitization process is generally around 100 °C while the transition temperature from R1 to R3 I/S can be up to ca. 180 °C [48, 50, [53] [54] [55] . In this study, most of the studied samples have the R1 ordered I/S, except for only one sample that has the R3 ordered I/S (Table 1) indicating that the paleo-diagenetic temperature for the studied samples could have been up to 180 °C but for most of the samples, this value ranges from 100 to 180 °C. Berthierine is another temperature-sensitive mineral which remains stable under a wide range of temperatures but generally lower than 200˝C [56] . Although in some cases, the transformation of berthierine to chamosite during diagenesis at lower temperatures was reported (below 70˝C when accompanied by organic matter) [31, 56, 57] , that berthierine could have formed at higher temperature was revealed by Iijima and Matsumoto [31] , who suggested the formation temperature of berthierine in coal to be 65-150˝C while the alteration temperature of berthierine higher than 160˝C. A similar crystallization temperature of berthierine (150˝C) was also reported by Rivas-Sanchez, et al. [25] . If we adopt Iijima and Matsumoto's [31] viewpoint to estimate the paleotemperature of the coal-hosted Nb-Zr-REE-Ga mineralization, since no traces of berthierine transforming to chamosite were found (i.e., no 14 Å were found in XRD patterns) in this study, the paleotemperature should be below 160˝C.
Overall, temperature should be the primary control on the formation of I/S with in some cases, the hydrothermal activity as a secondary control. It is reasonable to estimate that the paleo-diagenetic temperature for the studied samples was 100-160˝C, with one case up to 180˝C. The distribution patterns of rare earth elements (e.g., negative Eu anomalies) in the ore beds also showed that the temperature is lower than 200˝C [58] .
Origin of the Micro-Crystalline Quartz Associated with Mixed Layer I/S
Microcrystalline quartz with sizes generally less than 10 µm (mostly <5 µm; Figure 6B ) was observed in this study. These very fine quartz grains/cements were found isolated and surrounded by a clay matrix (mainly I/S; Figure 6B ). It is unlikely that this micro-quartz formed via mechanical transportation as quartz of a detrital origin is generally in silt-to sand-size particles [59] . Additionally, the pyroclastic quartz in the Nb-Zr-REE-Ga mineralization was reported as large angular particles (>50 µm) [1] . These individual micro-crystalline quartz particles are, therefore, most likely authigenic rather than detrital or pyroclastic in origin. The authigenic ultrafine quartz grains (around 10 µm) were also found in Late Permian coal from Xuanwei, east Yunnan Province, SW China [32] and the Early Cretaceous Wulantuga coal, Inner Mongolia, North China [59] .
It has been suggested that illitization of smectite releases Si and involves addition of K [51, [60] [61] [62] [63] . The excess released Si in solutions (e.g., pore water) may precipitate locally as authigenic micro-crystalline quartz coexisting with the neoformed I/S [62, 63] . A simplified reaction process would be:
Smectite`K + Ñ Illite{pI{Sq`Silica pSO 2 q`H 2 O Peltonen et al. [62] suggested that the sources of smectite and potassium will govern the amount of Si released in such a reaction. In this study, as the studied samples are of pyroclastic origin [1] , the smectite in the above equation would be from the alteration of volcanic glasses while volcanic ash-accompanied K-feldspar could have provided K for the illitization of smectite. Another factor limiting the precipitation of quartz from Si-solutions is the permeability of the host rocks, for example, Si-fluids would migrate easier from sandstone (high permeability) than from mudstone (low permeability) [63] . In this study, the low permeability of the studied samples (i.e., mostly mudstones), restricting the diffusion of fluids that contain Si released from illitization of smectite, could also have favored the in situ deposition of quartz.
With all the above in mind, we assume that the illitization of smectite during diagenesis may have released significant amounts of SiO 2 into solutions first; then due to the low permeability of the studied mudstones, the SiO 2 -rich solutions resulted in the formation of the micro-crystalline quartz in situ as grains near the I/S. As the progressive illitization of smectite proceeded during diagenesis, SiO 2 was continuously released to form the high silica saturated solutions favoring the further continuous crystallization and growth of the micro-quartz to become macro-crystalline quartz cements or aggregates [63] . Such a process may also be the cause of high quartz contents in the studied samples (Table 1) .
Conclusions
(1) The clay minerals in the Nb(Ta)-Zr(Hf)-REE-Ga mineralized beds mainly comprise I/S, kaolinite, and berthierine. Generally, I/S is the most abundant species among the clay minerals while the contents of kaolinite and berthierine vary greatly. Angular berthierine particles and vermicular kaolinite occur within the I/S groundmass, while a small proportion of berthierine occurs as colloidal infillings coexisting with I/S in plant cells or in the fractures of vermicular kaolinite. (2) The modes of occurrence of kaolinite and berthierine verify a volcanic origin for the studied samples. Vermicular kaolinite and the angular berthierine are probably in situ alteration products of volcanic ashes. I/S is the product of illitization of volcanic-ash originated smectite. (3) Indicated by the presence of berthierine and the ordering of the I/S, the paleo-diagenetic temperature reached ca. 180˝C, but was generally within 100-160˝C. (4) The authigenic micro-crystalline quartz coexisting with I/S is probably the result of illitization of smectite during the diagenetic process.
